We analysed the expression pattern of various terpene synthase (TPS) genes in response to a wounding injury applied to the apical leader of Sitka spruce (Picea sitchensis Bong.
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Introduction
The production of oleoresin, a complex mixture of monoterpenes, diterpene resin acids and sesquiterpenes, is an important physical and chemical defense against stem-boring insects and pathogens in conifers (Berryman, 1972; Bohlmann and Croteau, 1999; Phillips and Croteau, 1999; Trapp and Croteau, 2001; Huber et al., 2004; Martin and Bohlmann, 2005) . Many conifers store large amounts of preformed oleoresin in specialized resin ducts or blisters in the bark, sapwood and needles. Attack by stem boring insects severs these ducts and blisters and releases the oleoresin, which repel attacking insects by intoxication and deterrence. Mono-and sesquiterpenoids emitted as volatiles can contribute to indirect defenses against herbivores while diterpenoids can provide direct protection through formation of lasting physical barriers at the point of insect attack (Martin et al., 2003; Mumm et al., 2003; Miller et al., 2005) .
In addition to preformed oleoresin defenses, synthesis of oleoresin and new traumatic resin ducts (TRD) can be induced in conifers by biotic or abiotic stimuli such as insect attack, pathogen invasion, and mechanical wounding (Croteau et al., 1987; Lieutier and Berryman, 1988; Tomlin et al., 1998; Nagy et al., 2000; Byun-McKay et al., 2003) . In the absence of mechanical trauma, methyl jasmonate (MeJA) or ethylene can induce the formation of TRD (Martin et al., 2002 (Martin et al., , 2003 Hudgins et al., 2003 Hudgins et al., , 2004 Hudgins and Franceschi 2004) implicating these hormones as important signals in coordinating wound-induced defense responses in conifers. In species of spruce (Picea spp.) the formation of TRD is accompanied by the production of oleoresin (Franceschi et al., 2002; Martin et al., 2002; Miller et al., 2005) and the simultaneous formation of phloem parenchyma cells and associated phenolics (Franceschi et al., 1998 (Franceschi et al., , 2000 .
Conifers can also respond to insect attack by altering volatile terpenoid emissions, which can serve as parasitoid attractants (Hilker et al., 2002; Martin et al., 2003; Miller et al., 2005; Mumm et al., 2003) . Thus, induced TRD defenses and volatile terpenoid emissions can play an important role in limiting insect and pathogen destruction of conifers through the qualitative alteration of terpenoid composition profiles that may alter their toxic properties or activities as kairomones in multitrophic defenses (Huber et al., 2004; Martin et al., 2002 Martin et al., , 2003 Miller et al., 2005) .
Mono-, sesqui-, and diterpenes are derived from the precursors gernanyl diphosphate, farnesyl diphosphate, and geranylgeranyl diphosphate through the action of the mono-, sesqui-, and diterpene synthase enzymes, respectively (Bohlmann et al., 1998) . The formation of conifer diterpene resin acids involves further oxidation of diterpenes by one or more cytochrome P450 dependent monooxygenases, (Funk et al., 1994; Ro et al., 2005) . Conifer terpene synthase (TPS) enzymes are encoded by a large gene family that collectively account for terpenoid diversity in oleoresin, which can consist of 50 or more different terpenoids in a given species. A number of TPS genes have been isolated and characterized from conifers including grand fir, loblolly pine and spruce spp. (Bohlmann and Croteau, 1999; Phillips et al., 2003; Fäldt et al., 2003; Martin et al., 2004) . In Norway spruce several genes encoding monoterpene synthases (mono-TPS), diterpene synthases (di-TPS), and sesquiterpenes synthases (sesqui-TPS) have been functionally characterized (Martin et al., 2004) . In Sitka spruce (Picea sitchensis Bong.
Carr.), just a single mono-TPS has been isolated and shown to encode (−)-pinene synthase (Byun-McKay et al., 2003) . Expression of TPS genes is positively regulated by mechanical wounding (Steele et al., 1998; Byun-McKay et al., 2003) , MeJA (Fäldt et al., 2003; Miller et al., 2005) and insect attack (Byun-McKay et al., 2003; Miller et al., 2005) .
In the Pacific Northwest, the white pine weevil (Pissodes strobi Peck.) is the most serious insect pest of regenerating Sitka spruce (Ying, 1991) . The white pine weevil initiates attack in early spring when adults disperse to the apical leaders of host trees where they feed, mate and oviposit. The larvae hatch, consume the phloem, cambium and developing xylem and effectively girdle the leader. Pupation occurs in the xylem and adults emerge during the late summer. Such activities kill or damage the leader, resulting in reduced growth, stem deformities and a significant loss of revenue (Alfaro 1995) .
Because efforts to control weevil attack are largely ineffective (Alfaro and Omule 1990; Hall 1994; Rankin and Lewis 1994) planting of Sitka spruce is currently not recommended in high weevil hazard zones and has been reduced in British Columbia from more than 10 million to fewer than a million seedlings per year despite its importance as a timber species.
Given the limited success of weevil control programs, heritable host resistance is an ideal form of pest control. In British Columbia, resistant Sitka spruce genotypes have been identified through repeated provenance trials and out-plantings, but a thorough understanding of the mechanisms by which these resistant genotypes are able to limit their vulnerability to the white pine weevil is lacking (Ying 1991; Ying and Ebata 1994; King et al., 2004) . In this study we sought to establish whether the induced resinosis defense response was associated with resistance of Sitka spruce to weevil attack. To achieve this we (1) isolated cDNA representatives from Sitka spruce for the mono-, sesqui-, and di-TPS families, (2) examined changes in expression levels of mono-, sesqui-, and di-TPS genes in resistant (R) and susceptible (S) Sitka spruce genotypes following a simulated weevil attack under field conditions, and (3) documented the traumatic resinosis response in the wounded trees. Our data suggest that expression patterns of mono-and sesqui-TPS genes are related to resistance status of Sitka spruce.
Furthermore, the formation of TRD was more vigorous in R trees indicating that the induced resinosis response plays a key defensive role against weevil attack in Sitka spruce. These data may provide a foundation upon which current weevil resistance breeding programs can be based and by which Sitka spruce resistance to the white pine weevil can be predicted and evaluated.
Results

Cloning of mono-TPS, sesqui-TPS, and di-TPS cDNAs from Sitka spruce
Similarity-based PCR and RACE cloning strategies were used to isolate cDNA representatives of the mono-, sesqui-, and di-TPS for characterization of the woundinduced traumatic resinosis response in R and S Sitka spruce genotypes. Four different cDNA fragments were obtained, two resembled known conifer mono-TPS (PsTPS1 (Byun-McKay et al., 2003) and PsTPS3), one resembled a known conifer di-TPS (PsTPS4), and the last was most similar to a known conifer sesqui-TPS (PsTPS5).
Sequences of these partial TPS cDNAs were used for 5' and 3' RACE to recover three full-length TPS cDNAs and a fourth cDNA with a truncated C-terminal end. 
Functional identification of PsTPS-Lim as (−)-limonene synthase
We have previously shown that the closely related TPS, PsTPS-Pin and PaTPS-Pin, of the related species Sitka spruce and Norway spruce are orthologous (−)-pinene synthase genes of nearly identical function (Byun-McKay et al., 2003; Martin et al., 2004) . To further validate this model, we tested the function of Sitka spruce cDNA PsTPS-Lim, which most closely resembles the known Norway spruce (−)-limonene synthase PaTPSLim. PsTPS-Lim was expressed in the form of a truncated protein without the predicted plastid target sequence by introducing a starting Met immediately upstream of the RRX 8 W-motif as previously established for other conifer mono-TPS (Bohlmann et al., 1999; Martin et al., 2004) . Recombinant PsTPS-Lim protein was active with geranyl diphosphate as substrate and produced the monoterpene (−)-limonene identified by gas chromatography-mass spectrometry (GC-MS) using a Wiley MS standard library and by using authentic standards for comparison (Figure 3) . The recombinant PsTPS-Lim protein showed no activity when incubated with farnesyl diphosphate or geranylgeranyl diphosphate as substrates.
Evaluation of cross-hybridization between PsTPS cDNA representatives
Conifer TPS genes display a high degree of nucleotide sequence relatedness among members of the TPS-d1, TPS-d2, and TPS-d3 subfamilies (Martin et al., 2004) .
Therefore, prior to initiating expression analyses with four different Sitka spruce mono-, sesqui-, and di-TPS probes we determined the level of cross-hybridization between them.
Replicated applications of 1.0 ng DNA for each cDNA clone were applied to construct dot-blots. Levels of cross hybridization were determined by probing dot blots with each of the following probes: three TPS-d1 probes PsTPS-Linl, PsTPS-Lim, PsTPS-Pin (Byun-McKay et al., 2003) , the TPS-d2 probe PsTPS-Sell, and the TPS-d3 probe PsTPSLASl. The extent of cross-hybridization we detected between and within TPS families was low (less than 10%). Results of a DNA dot blot obtained using the TPS-d1 PsTPSLim as probe is shown in Figure 4 .
Wound-induced transcript accumulation detected with PsTPS-Lim in apical leaders of resistant and susceptible Sitka spruce
Transcripts hybridizing with the TPS-d1 mono-TPS probe PsTPS-Lim increased in response to wounding of apical leaders of Sitka spruce ( Figure 5A ). Transcript levels increased 6 h after the wounding treatment and reached maximal levels four to seven days after wounding. Transcript levels remained elevated thereafter to the 16-day post wounding time point. The overall response to drill-wounding seen in R and S genotypes was similar. However, several differences were detected. Transcript accumulation in non-wounded trees (0 h) was higher in R trees and overall wound-induced transcript accumulation levels were higher in R trees compared to S trees. The absolute difference in transcript level was significantly greater in R trees relative to S trees at the seven-day time point (t α=0.05 = 0.019). A significant increase in transcript level detected with PsTPSLim was apparent one, four, seven and sixteen days following wounding in R trees compared to the level in the non-wounded control (P α=0.05 =0.0018). In contrast, transcripts in unwounded S genotypes were lower than in R genotypes and no significant change in transcript level detected by PsTPS-Lim was found for any post-wounding time point examined.
Wound-induced transcript accumulation detected with PsTPS-Linl in apical leaders of resistant and susceptible Sitka spruce
Transcripts hybridizing with the TPS-d1 mono-TPS probe PsTPS-Linl increased in response to drill-wounding in S and R genotypes ( Figure 5B ). Increased transcript levels were detected at the earliest times examined and increased to a peak one-day post wounding. Transcript levels had declined by 16-days after the wounding treatment.
Expression in non-wounded leaders was lower in the R genotypes relative to the S trees, and expression increased to a peak one-day post-wounding in R trees. In the S trees absolute transcript levels were higher than in R trees; however, only at 12 h was this difference significant (t α=0.05 = 0.014). Significant increases in the transcript level detected with PsTPS-Linl, relative to non-wounded trees were only detected in R genotypes one to two days following wounding (P α=0.05 =0.0006). As with PsTPS-Lim, no significant difference in expression level was found in susceptible genotypes at any time postwounding relative to the non-wounded trees.
Wound-induced transcript accumulation detected with PsTPS-Sell in apical leaders
Transcripts hybridizing to the TPS-d2 PsTPS-Sell probe increased in abundance in response to wounding in both R and S trees ( Figure 5C ). Expression levels in nonwounded trees was greater in R trees relative to S trees, and in R trees the transcript level declined immediately after wounding. Relative to non-wounded trees levels of RNA hybridizing to PsTPS-Sell increased one-day post-wounding and reached their highest levels four-days after wounding in R trees. In S genotypes, an increase in transcript level was not detected until two-days post wounding although no drop in the transcript level at the earliest times after wounding was observed. Relative to the non-wounded trees peak transcript levels occurred four to seven-days post wounding. A significant increase in RNA hybridizing to PsTPS-Sell was observed four days post-wounding in R genotypes only (P α=0.05 0.0001). In S genotypes, no significant increase in transcripts detected by PsTPS-Sell was found at any of the time points examined.
Wound-induced transcript accumulation detected with PsTPS-LASl in apical leaders of resistant and susceptible Sitka spruce
Transcript levels hybridizing with the TPS-d3 PsTPS-LASl probe increased in apical leaders following a drill-wounding event in both R and S trees; however, the pattern of transcript accumulation differed between R and S trees ( Figure 5D ). In R trees transcript levels were lower than in the non-wounded tree at the earliest time intervals after wounding. The transcript level increased at two days, peaked at seven-days postwounding and remained elevated to 16-days. In the S trees the transcript level did not drop after wounding and a significantly greater absolute transcript level was present at six-and 12-h post-wounding (t α=0.05 = 0.036 and 0.031, respectively) relative to the R trees. The transcript level increased two-days post-wounding to reach a peak at sevendays before declining by 16-days in S trees. For RNAs detected by PsTPS-LASl a significant increase in transcript level was detected in both R and S genotypes relative to non-wounded trees at seven days post wounding (P α=0.05 =0.0001 and P α=0.05 =0.0076 respectively). With the exception of the 16-day time point the absolute transcript level detected by PsTPS-LASl was greater in S than in R genotypes.
Histochemical TRD
Increased abundance of RNA hybridizing to the Sitka spruce TPS-d1, -d2, and -d3 representative probes was detected in wounded Sitka spruce apical leaders. With the exception of the TPS-d3 Ps-TPS-LASl probe, all TPS cDNA probes revealed a significant increase in transcript level in R genotypes but not in S trees. To determine whether increased expression of TPS genes was accompanied by a greater capacity for TRD formation in R trees, the presence of TRD was assessed in unwounded and drillwounded leaders of both R and S genotypes ( Figure 6 ). R and S genotypes both showed a significant response to wounding (P α=0.05 =0.000031; P α=0.05 =0.0017, respectively). In unwounded R and S genotypes, the presence of TRD was not significantly different (P α=0.05 =0.35). However, drill wounding resulted in a significantly greater wounding response in R than in S genotypes (P α=0.05 =0.049) (Figure 6 ).
Discussion
Conifer defenses against insect attack contribute to tree resistance and fall into two broad categories: constitutive and induced (Tomlin and Borden 1997; Huber et al., 2004) . In both these defenses, oleoresin terpenoids play a prominent role (Phillips and Croteau, 1999; Trapp and Croteau, 2001; Huber et al., 2004; Martin and Bohlmann, 2005) and, in spruce spp., are sequestered in specialized resin ducts. The constitutive resin duct system in Sitka and white spruce bark has been linked with resistance to the white pine weevil (Tomlin and Borden, 1997; Alfaro et al., 1996) . Similarly, in white spruce, the woundinduced resinosis response involving the formation of xylem TRD appears to be more rapid and intense in resistant (R) versus susceptible (S) families (Tomlin et al., 1998) and drill wounding induced a greater increase in terpenoid oleoresin accumulation in R trees (Tomlin et al., 2000) . Recent work with Norway (Martin et al., 2002) and Sitka spruce (Byun-McKay et al., 2003; Miller et al., 2005) has established that increased terpenoid accumulation associated with TRD formation is the result of induced terpenoid biosynthesis and cannot be explained simply by mobilization of constitutive resin to the wound site. The inducible oleoresin defense mechanisms of spruces and other conifers involve increased TPS and cytochrome P450 gene expression (Bohlmann and Croteau, 1999; Byun-McKay et al., 2003; Miller et al., 2005; Huber et al., 2004; Ro et al., 2005) and increased enzyme activities of TPS and prenyltransferases (Martin et al., 2002 (Martin et al., , 2003 .
Genetic resistance against the white pine weevil, one of the most damaging pests of Sitka spruce, has been documented (Ying, 1991; Ying and Ebata, 1994; King et al., 2004) such that profound resistance has been noted in the Haney and Big Qualicum provenances of coastal British Columbia. In these provenances R trees have a much reduced attack rate with some genotypes exhibiting a 0% attack rate (Alfaro and Ying, 1990; Ying, 1991; King 1994; King et al., 2004) . Although R trees have been used in weevil resistance breeding programs, a link between defense gene expression associated with traumatic resinosis and the resistance status of these trees has not yet been studied.
We examined the association of constitutive or induced TPS defense gene expression and the induced formation of TRD with resistance and susceptibility of Sitka spruce to the white pine weevil. Induced TRD and changes in TPS defense gene expression were examined in response to wound-induced trauma delivered to leaders of S and R nineyear-old Sitka spruce trees growing under natural conditions in the field. We generated a set of four Sitka spruce TPS probes representing members of the three subfamilies Expression of genes corresponding to the TPS-d1, TPS-d2, and TPS-d3 probes increased in drill-wounded apical leaders. TPS-d1 transcript levels increased rapidly and were elevated within one day of the wounding event. Transcripts related to PsTPS-Linl peaked one to two-days after wounding, whereas transcripts related to PsTPS-Lim peaked later at four to seven days after wounding. Slower induction of TPS-d2 and TPS-d3 transcripts was noted with elevated levels evident four days following the wounding event. Transcripts related to PsTPS-LASl peaked seven-days after wounding while transcripts related to PsTPS-Sell peaked four to seven days after wounding. The slower induction of TPS-d2 and TPS-d3 transcripts is consistent with a slower wound-induced expression of sesqui-and di-TPS in stems of grand fir (Steele et al., 1998) and with weevil and MeJA TPS induction in stems of Sitka spruce (Miller et al., 2005) . Increased TPS expression in the apical leaders of drill-wounded Sitka spruce was accompanied by a marked induction of TRD formation in secondary xylem tissues.
Important differences in both the magnitude and kinetics of TPS gene induction were noted between R and S genotypes of Sitka spruce. Transcript levels related to PsTPS-Lim were higher in R versus S trees and, relative to the non-treated trees, significant upregulation was detected only in the R trees. Similarly, with the PsTPS-Linl and PsTPS-Sell probes significant increases in transcript level were detected in R but not in S trees. The pattern of rapid upregulation of transcripts was similar for both mono-TPS probes, PsTPS-Lim and PsTPS-Linl (TPS-d1), but differed for the sesqui-TPS (PsTPS-Sell, TPS-d2) and di-TPS (PsTPS-LAS, TPS-d3) probes for which transcript levels initially declined immediately after the wounding event in R trees. Lowered diand sesqui-TPS transcript levels were not detected in S trees. For transcripts related to PsTPS-LASl significantly elevated levels were observed in both R and S trees. Changes in TPS expression in R versus S genotypes was accompanied by a significantly greater capacity for wound-induced formation of TRD in R trees suggesting that induced resinosis is important for the resistance to weevil attack noted in Sitka spruce growing under natural conditions in the field.
Based on these results, it is possible that TPS-d1 genes that generate transcripts that hybridize with PsTPS-Lim could be developed into useful expression markers associated with resistance. While we found no significant cross-hybridization with the TPS gene probes tested here, including a previously characterized PsTPS-Pin gene (Martin et al., 2002 (Martin et al., , 2003 Miller et al., 2005) . In contrast, linalool is a major component of MeJA-and weevil-induced volatile emissions in both Sitka spruce (Miller et al., 2005) and Norway spruce (Martin et al., 2003) . Thus, spruce TPS-Lin genes may not contribute directly to resistance against stem boring insects, although an indirect role in defense cannot be excluded (Martin et al., 2003; Miller et al., 2005) . Sesquiterpenes formed by the TPS-d2 type enzymes represented in this study by the PsTPS-Sell probe are also minor components of constitutive and induced Sitka spruce oleoresin (Miller et al., 2005) . The apparent lack of association between resistance and expression of genes of the TPS-d3 group (PsTPSLASl) could be due to additional gene expression required for diterpene resin acid accumulation. While most mono-and sesquiterpenes in the oleoresin of Sitka spruce and other members of the Pinaceae are the immediate products of TPS enzyme activities, diterpenes formed by di-TPS are commonly further oxidized to the corresponding diterpene resin acids, which accumulate in constitutive and traumatic oleoresin. In future work, we will investigate a possible association between the expression of cytochrome P450 genes involved in diterpene resin acid formation (Ro et al., 2005) and resistance.
Materials and Methods
Plant material
Six-year-old Sitka spruce (Picea sitchensis Bong. Carr.) clonal trees derived from somatic embryos out-planted at the University of British Columbia Malcolm Knapp research forest, Maple Ridge, B.C., Canada were used in 1997 for wound-induction to obtain RNA for isolation of partial TPS cDNAs. Nine-year-old clonal Sitka spruce trees 
Simulated weevil attack treatment
A drill-wounding treatment was used to simulate weevil attack and has been used for this purpose in spruce spp. (Tomlin et al., 1998 (Tomlin et al., , 2000 Byun-McKay et al., 2003) . Drillwounding has the advantage of delivering a wound trauma of equal magnitude on R and S trees without being confounded by variation introduced by weevil feeding and oviposition activity. Thus, drill wounding permits assessment of a tree's capacity to respond with an induced defense. Wounding treatments occurred at field sites in the spring to coincide with natural weevil feeding activity on the B.C. coast. Apical leaders were mechanically wounded using a Dremel minimite drill (Dremel, Racine, WI USA) equipped with a 0.95 mm drill bit. Holes were drilled to a depth of 2 to 4 mm (depending on diameter) so that the bark was just penetrated. Wounding proceeded in two straight lines from the apex to the base along two sectors of the circumference with each wound spaced approximately one cm apart. Once the wound had been completed, leaders were covered in mesh bags to prevent insect damage until they were harvested. Leaders were harvested at the following times post-wounding: six hours, 12 hours, one day, two days, four days, seven days, and 16 days. For each genotype, a single tree was used per time point. Due to the limited number of available trees of the appropriate age of each genotype, time course experiments were independently replicated with multiple resistant and susceptible genotypes. In addition, one tree per genotype was not wounded to provide a control. Harvested leaders were frozen on dry ice, transported to Simon Fraser University, and stored at -80 o C.
Two additional trees were used for histochemical analyses. One tree served as a control while the other tree was wounded and harvested several weeks after wounding.
The leaders were then transported to the Pacific Forestry Centre (Victoria, B.C. Canada) where they were prepared and analyzed for the presence of constitutive and induced traumatic resin ducts.
For full-length cDNA cloning, two-year-old greenhouse-grown Sitka spruce trees (clone 898) were mechanically wounded as described above, sprayed with 0.01% (v/v) Me-JA (Sigma Aldrich, Oakville, Canada) as described in (Martin et al., 2002; Fäldt et al., 2003) , and loosely covered with clear plastic bags. The leader and the previous years internode were harvested 2d later, frozen in liquid nitrogen, and stored at -80 o C.
Histochemical and Traumatic Resin Duct (TRD) Analysis
Samples were prepared for histochemistry as described in Byun-McKay et al. (2003) . The wound response was quantified based on the extent of TRD formation and the number of stained cells which are typically associated with TRD development (Byun-McKay et al., 2003) . A relative scoring system was used similar to the one described in Byun-McKay et al. (2003) . No apparent response in the early wood was rated as zero; cell staining restricted to a few, scattered cells was rated as 0.5; a complete ring of stained cells in the early wood was rated as 1.0; a ring of stained cells associated with scattered TRD was rated as 1.5; and an intense ring of stained cells along with a complete ring of TRD was rated as 2.0. The traumatic resinosis score for each of the wounded and unwounded S and R genotypes were pooled and analyzed using a paired or two sample equal t-test.
RNA Isolation
Total RNA was isolated from five to six grams of combined wood and bark tissue derived from drill wounded or MeJA (Sigma Aldrich, Oakville, Canada) treated leaders of R and S Sitka spruce trees. RNA was isolated using a LiCl method optimized specifically for conifers (Wang et al., 2000) .
Isolation of partial and full-length TPS cDNAs
To isolate mono-, sesqui-, and di-TPS cDNAs, partial cDNA fragments were obtained using degenerate primers (Supplement Table 1 ) designed from nucleotide alignments of conifer TPS sequences (taxadiene synthase from Taxus brevifolia, and E-α-bisabolene, abietadiene, myrcene, (−)-α-pinene, (−)-limonene, δ-selinene, and γ-humulene synthases from Abies grandis; for references see Martin et al., 2004) . Isolation of partial mono-TPS cDNAs proceeded as described in Byun-McKay et al. (2003) . To isolate sesqui-and di-TPS cDNAs RNA was isolated from Sitka spruce apical leaders that had been drill- Full-length cDNAs encoding mono-TPS were isolated using 5' and 3' RACE and an RNA template derived from drill-wounded/MeJA-treated leader and stem tissues from Sitka spruce clone 898. Sesqui-and di-TPS were obtained using the same method and RNA from Sitka spruce leader tissues sampled 7 and 16 days following drill wounding.
Based on the nucleotide sequences of partial cDNA fragments, RACE primers were designed for mono-TPS, sesqui-TPS, and di-TPS (Supplement Table 1 ). The 5' and 3' TPS cDNA ends were amplified from RT reactions according to instructions outlined by the manufacturer (RLM-RACE; Ambion, Austin, TX USA), cloned into pCR 2.1 TOPO-TA (Invitrogen), and the nucleotide sequence was determined. Full-length cDNAs were obtained using primers designed from the nucleotide sequences of the 5' and 3' RACE products and/or primers included with the RLM-RACE kit. Amplification was performed in a 50 µL volume containing 10 mM Tris-HCl (pH 8.3), 50 mM KCl, 1.5 mM MgCl 2 , 5 units of SuperTaq Plus (Ambion), 0.5 µM each primer, 50 µM dNTPs, and 1 µL of the 5' RT reaction. The following cycling conditions were used: 30 cycles of 94°C for 1 min, 55°C for 35 sec, and 68°C for 2 min preceded by an initial denaturation at 94°C for 3 min and followed by a 7 min extension at 68°C. Full-length cDNAs were cloned into pCR2.1 TOPO-TA, and purified using the Qiaprep spin miniprep kit (Qiagen, Mississauga, Canada) and the nucleotide sequence was determined.
Sequence and phylogenetic analyses
The deduced amino acid sequences of each full-length cDNA were aligned using CLUSTAL W (v1.4) in MacVector 7.2.3 using using a 5.0 open gap penalty, 40% delay divergence, and Blosum similarity matrix, to create sequence alignments shown in Figure   1 . Since transit peptides are not well conserved, these were truncated from mono-TPS and di-TPS prior to analyzing TPS for phylogenetic relationships. The sequences were then aligned using anchored Dialign (Morgenstern et al., 2004 ; available at http://dialign.gobics.de/anchor/submission.php), a program capable of finding local similarities in divergent sequences. Multiple sequence alignments were then hand corrected using GeneDoc (www.psc.edu/biomed/genedoc/). Maximum likelihood analyses using the data sets for the TPS-d subfamily as well as for the entire TPS family were analyzed by Phyml (Guindon and Gascuel, 2003) using the JTT (Jones et al., 1992) amino acid substitution matrix. The proportion of invariable sites as well as the alpha shape parameter was estimated by Phyml. Trees were generated using BIONJ (Gascuel, 1997), a modified neighbor joining algorithm. Phyml was used to generate 100 bootstrapped pseudo data sets from the original data set. These were then analyzed by Phyml using the previously estimated parameters. Treeview (Page, 1996) was used to visualize all trees. Bootstrap values above 50% for both the maximum likelihood analysis were added to the maximum likelihood tree calculated from the original data set.
Functional Identification of cDNA clone PsTPS-Lim
Expression of recombinant TPS enzyme and functional characterization followed the In order to assess cross hybridization between different Sitka spruce TPS cDNAs, DNA dot blots were constructed containing eight replicate applications of 1.0 ng of each cDNA insert. The cDNA inserts were amplified using flanking M13 universal primers and DNA samples were denatured prior to applying to a Hybond-N membrane. DNA was fixed to the blot as described for the RNA blots above. Dot blots were individually hybridized with mono-TPS, di-TPS, and sesqui-TPS cDNA probes labeled as described above. 70  80  90  100  110 
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